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ABSTRACT 
 
We report on an experimental investigation of the properties of volume holographic recording in 
photopolymerizable nanoparticle-polymer composites (NPCs) doped with chain transferring 
multifunctional di- and tri-thiols as chain transfer agents.  It is shown that the incorporation of the 
multifunctional thiols into NPCs more strongly influences on volume holographic recording than 
that doped with mono-thiol since more chemical reactions involve in the polymer network 
formation. It is found that, as similar to the case of mono-thiol doping, there exist optimum 
concentrations of di- and tri-thiols for maximizing the saturated refractive index modulation.  It is 
also seen that recording sensitivity monotonically decreases with an increase in multifunctional 
thiol concentration due to the partial inhibition of the photopolymerization event by excessive 
thiols.  
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1.  Introduction 
   Among various types of photopolymer materials photopolymerizable organic-inorganic 
nanocomposites, the so-called photopolymerizable nanoparticle-polymer composites (NPCs),1-8) 
have thus far shown their excellent performance in holographic data storage,9) nonlinear optics,10) 
and neutron optics.11)  This is so because NPCs have high degree of freedom in tailoring their 
compositions and thus physical properties, giving large saturated refractive index change (Δnsat), 
mitigated shrinkage, high thermal stability and high degree of materials-design flexibility.1-
3,8,12,13)  For many holographic applications photopolymers processing large Δnsat at short grating 
spacing is desired since such a property determines their spatial resolution and diffraction 
performance.14-16)  However, it is known that a volume grating recorded in multi-component 
photopolymers including NPCs and holographic polymer-dispersed liquid crystals exhibits a 
reduction in Δn at high spatial frequencies.3-7, 17,18)  This is due to the fact that the grating 
formation is essentially achieved by the mutual diffusion of monomer and photo-insensitive 
species (i.e., nanoparticles and liquid crystals).17-19)  It has been validated that the addition of 
chain transfer agents (CTAs) is useful for all-organic and binder-based acrylamide/polyvinyl 
alcohol photopolymers to suppress their nonlocal response characteristics, and therefore to 
increase Δnsat at short grating spacing.20,21) Recently, we have demonstrated the enhancement of 
Δnsat of ZrO2 nanoparticle-dispersed NPC volume gratings recorded at short grating spacing by 
doping a CTA using a single functional thiol (mono-thiol) as a CTA.22)  Since polymer features 
such as the molecular weight and the crosslinking network density can be tailored by introducing 
multifunctional thiols in photopolymers,23) it is expected that such chemical modification can 
control the holographic recording characteristics such as the grating buildup dynamics, Δnsat and 
recording sensitivity (S) in the wide range of grating spacing as well as other grating 
characteristics (e.g., mechanical and thermal stability) of recorded NPC volume gratings in more 
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flexible ways. In this paper we report the effect of varying thiol functionalities on the holographic 
recording properties of ZrO2 nanoparticle-dispersed NPCs doped with multifunctional thiols as 
CTAs.   
 
2.  Experiments and Discussions 
2.1 Role of chain-transfer agents in holographic grating formation 
   In free radical-mediated chain-growth polymerizations the light absorption by a photosensitizer 
generates primary radicals, producing macro-radical chains during the reaction between primary 
radicals and monomer, as shown in Fig. 1(a).  Since the chain transfer process includes the 
premature termination of a growing macro-radical chain,20,21) the propagating polymer chains 
would stop growing earlier than the case without CTA with the addition of a CTA [see Fig. 1(b)]. 
In this case the average polymer chain length (lav) would become shorter than the case in the 
chain-growth polymerizations without the chain-transferring process.20,21,24)  Since Δnsat is 
substantially reduced when the grating spacing is comparable to lav in the chain-growth 
polymerization, a reduction in lav leads to the improvement of the spatial frequency response (i.e., 
higher index modulation at short grating spacing).25)  In the case of NPCs doped with CTAs the 
mutual diffusion of monomer and nanoparticles would create the compositional density 
modulation much efficiently because of a reduction in viscosity due to lowing the crosslinking 
network density by the addition of CTAs.26) Therefore, the addition leads to an increase in Δnsat.   
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                                (a)              (b) 
Fig. 1.  Grating-formation mechanism of photopolymer materials (a) without and (b) with a CTA under 
holographic exposure. 
 
2.2 Samples and experimental setup for holographic recording  
   We employed three types of thiols as CTAs; mono-, di- and tri-thiols having one, two and three 
–SH groups, respectively. These were methyl-3-mercaptopropionate (mono-thiol, Tokyo 
Chemical Industry Co. Ltd.), 1,4-bis(3-mercaptobutyryloxy) butane (di-thiol, Showa Denko 
K.K.), and tris(3-mercaptopropionate) (tri-thiol, Sigma-Aldrich), respectively.  Their chemical 
structures are shown in Fig. 2.  Each of the thiols was mixed with acrylate monomer, 2-propenoic 
acid, (octahydro-4,7-methano-1H-indene-2,5-diyl)bis(methylene) ester, at various concentrations.  
ZrO2 nanoparticles (the average size of ~3 nm) were also dispersed at the optimum condition of 
35 vol.% with respect to the monomer, which was found to maximize Δnsat of a volume hologram 
recorded in this NPC formulation without doping CTAs.23)  We also added titanocene 
(Irgacure784, Ciba) of 1 wt.% with respect to the monomer for green-light sensitization.   Such 
mixture was cast on a 10-µm-spacer loaded glass plate and was covered with another glass plate 
after drying for the preparation of NPC film sample. The refractive indices of the NPC film 
samples were then measured by using an Abbe refractometer (DR-M2, ATAGO) at a wavelength 
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of 532 nm.  
 
 
              (a)                                                        (b)                                                                   (c) 
Fig. 2.  Chemical structures of (a) mono-, (b) di- and (c) tri-thiols used as CTAs, respectively. 
   Figure 3 shows our holographic recording setup. We used an uncured NPC film sample to 
record an unslanted plane-wave transmission grating at a recording intensity of 50 mW/cm2 and a 
grating spacing of 1.0 µm from a frequency-doubled Nd:YVO4 laser operating at a wavelength of 
532 nm.  A low intensity He-Ne laser beam operating at a wavelength of 633  nm was used as a 
Bragg-matched readout beam to monitor the grating buildup dynamics since that wavelength was 
insensitive to the radical photoinitiator titanocene.  All of the beams were s-polarized.  We 
measured the diffraction efficiency (η), which was defined as the ratio of the first-order 
diffracted signal to the sum of the zeroth- and first-order diffracted signals.  We note here that the 
measured η through this method excludes the scattering of NPC film samples.  The effective 
thickness (L) of each sample was estimated from a least-squares curve fit to the Bragg-angle 
detuning data of the saturated η (ηsat) with a coupled-wave approach using the beta-value method 
for an unslanted transmission grating.27)  Then Δnsat was extracted from ηsat with the help of 
Kogelnik’s formula at a Bragg-matched angle of the readout beam and estimated values for L that 
varied from 8.9 to 12.7 µm in our experiment.  Note that Δnsat of a volume grating being recorded 
at 633 nm was converted to that at 532 nm. 
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Fig. 3.  Holographic recording setup. 
 
2.3 Grating buildup dynamics 
   The buildup dynamics of Δn for NPC film samples doped with various types and 
concentrations of thiols were measured at a grating spacing of 1.0 µm. Figures 4 shows the 
buildup dynamics of Δn for an undoped NPC film sample [Fig. 4(a)] and those doped with mono-
, di- and tri-thiols [Fig. 4(b)-(d)], respectively, at various thiol concentrations.  It can be seen that 
there is no obvious effect on the buildup dynamics by doping multifunctional thiols at the 
concentrations of 11 and 23 mol.%.  However, a noticeable decrease arises in the growth rate of 
Δn with tri-thiol doped case at the concentration of 33 mol.% as compared with those of the 
undoped, mono- and di-thiol NPC film samples.  This is so because the excess concentration of 
the thiol functional group, which introduces a premature termination, in the tri-thiol doped case 
suppresses the photopolymerization processes.28) Such a decrease may also be attributed to the 
increased polymer crosslinking network by the incorporation of tri-thiol.  In addition, values for 
Δnsat of thiol-doped NPC film samples vary with a change in thiol concentration.  This indicates 
that it must exist an optimum concentration maximizing Δnsat of thiol-doped NPC film samples.   
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 Fig.4.   Buildup dynamics of Δn for undoped and thiol-doped NPC film samples at different thiol 
concentrations of (a) 0, (b) 11, (c) 23, and (d) 33 mol.%, respectively. 
 
2.4 Thiol-concentration dependences on Δnsat and recording sensitivity 
   In order to examine the effects of thiol concentration on the properties of NPC volume gratings 
and to find the optimum thiol concentration for each type of thiols, we carried out holographic 
recording in NPCs doped with various thiol concentrations at a grating spacing of 1.0 µm.  
Figure 5 illustrates a thiol-concentration dependence of Δnsat for NPC film samples doped with 
three different types of thiols, where the molar concentrations of thiols are shown with respect to 
the acrylate monomer. Note that Δnsat is the first-order component of the periodic refractive index 
modulation, which is directly related to the measured ηsat.  It can be seen that the maximum Δnsat 
at the optimum concentration (~33 mol.%) of mono-thiol is as high as 1.6 × 10-2, which 
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corresponds to a two-fold improvement comparing to the NPC film sample without CTA as 
reported recently.22)  It can also be seen that Δnsat generally decreases with an increase in the thiol 
functionality.  This trend can be understood by the fact that an increase in the thiol functionality 
results in shortening lav and increasing the crosslinking network density during curing.26)  While 
the former trend provides an increase in Δnsat at short grating spacing,20) the latter trend increases 
the viscosity of NPC film samples and thereby suppresses the mutual diffusion of monomer and 
nanoparticles.  The reason for a decrease in Δnsat at high thiol concentrations seen for three types 
of NPC film samples can be attributed to the partial inhibition of the photopolymerization event 
by excessive thiols.21)  Such effects of thiol doping on Δnsat result in the existence of the optimum 
thiol concentrations as seen in Fig. 5: these for NPC film samples doped with mono-, di-, and tri-
thiols are 33, 29, and 17 mol.%, which correspond to concentrations of 11, 20, 13 vol.%, 
respectively. Note the error bars presented in this paper represent the absolute deviations that 
were calculated from all the repeated experimental data.  Grating-spacing dependences of Δnsat 
for multifunctional thiol doped NPC film samples will be reported elsewhere.29)   
 
 
 
 
 
 
 
Fig. 5.  Thiol-concentration dependences of Δnsat for NPC film samples doped with three type of thiols. 
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   We also evaluated the recording sensitivity (S) defined as 
 
𝑆 =       𝑑 𝜂𝑑𝑡 !!!!"#𝐼!𝐿 , 
                                                      (1) 
where I0 and tind are an average recording intensity and induction time period, respectively.2)  
Figure 6 illustrates thiol-concentration dependences of S for NPC film samples doped with 
different types of CTAs.  It can be seen that S is more or less a decreasing function of thiol 
concentration for all three NPC film samples.  This trend can also be understood by the partial 
inhibition of the photopolymerization event by increasing thiol concentration as discussed above.  
Such a reduction in S tends to be much prominent when the thiol functionality increases due to 
the partial inhibition of the photopolymerization event by excessive thiols.21)   
 
 
 
 
 
 
 
 
Fig. 6.  Thiol-concentration dependences of S for NPC film samples doped with three type of thiols. 
 
3. Conclusion 
   We have investigated the effect of varying thiol functionalities on the holographic recording 
properties of ZrO2 nanoparticle-dispersed NPCs doped with thiols as CTAs.  We have found that 
the existence of the optimum concentrations for mono- and multifunctional thiol-doped NPC film 
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samples, at which large values of Δnsat can be obtained as compared with the undoped NPC 
sample.  These enhancement and improvement by multifunctional thiol doping may be attributed 
to a reduction in the polymer chain length and to an increase in the mutual diffusion.  This CTA-
doping technique is very useful for various holographic applications with NPC volume gratings.   
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Figure Captions 
 
Fig. 1.  Grating-formation mechanism of photopolymer materials (a) without and (b) with a CTA 
under holographic exposure. 
 
Fig. 2.  Chemical structures of (a) mono-, (b) di- and (c) tri-thiols used as CTAs, respectively. 
 
Fig. 3.  Holographic recording setup. 
 
Fig.4.   Buildup dynamics of Δn for undoped and thiol-doped NPC film samples at different thiol 
concentrations of (a) 0, (b) 11, (c) 23, and (d) 33 mol.%, respectively. 
 
Fig. 5.  Thiol-concentration dependences of Δnsat for NPC film samples doped with three type of 
thiols. 
 
Fig. 6.  Thiol-concentration dependences of S for NPC film samples doped with three type of 
thiols. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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